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INTRODUCTION

As an acoustic wave passes through a material, nonlinearities in the material produce

harmonics of the acoustic wave. The amplitudes of the incident wave and the harmonics are

related by the acoustic nonlinearity parameter. The acoustic nonlinearity parameter, 13,is

influenced by crystal structure, fatigue state, dislocation dipole density, precipitates and

their phases, coherency strains, and other material conditions. The nonlinearity parameter

has been shown to be sensitive to fatigue in stainless steel turbine blades [1].

The acoustic nonlinearity parameter is defined by the nonlinear form of the classic

wave equation:

c2(1_/30u-0 u
ot (1)

where u is particle displacement, a is a Lagrangian coordinate, and c is the infinitesimal wave

speed. 13is a material property, described by

(2)

where A1 and As are the particle displacement amplitudes of the fundamental and second

harmonic acoustic waves respectively, and co is the angular frequency of the fundamental

wave. Yost and Cantrell [2] proposed a substitutional technique for measuring 13using

resonant ultrasonic transducers rather than absolute displacement transducers. In the case

that 13is known for a given reference material, 13' may be measured for another specimen by

measuring the voltage output from resonant transducers for both materials and using the

equation

7 2 )

where V1 and V 2 are the peak output voltages for the fundamental and second harmonic

waves, c is longitudinal wave speed, and d is the distance traveled (the specimen thickness).

The primed values refer to the unknown specimen and the unprimed values refer to the

reference specimen. It is necessary that the same measurement system be used to measure

both materials, and that the specimens be of the same acoustic impedance.

(3)



EXPERIMENTAL PROCEDURES

The acoustic nonlinearity parameter was measured in turbine blades made of 403

stainless steel on Unit 5 at Virginia Power's Chesterfield Power Station during a

maintenance outage. These blades were designed for a forty-year life and had been in service

34 years. Measurements were taken by holding two transducers in contact with and on

opposite sides of the turbine blades. The transducers were placed and gently rocked back

and forth until the amplitude of the received signal was maximized, in order to compensate

for the curvature of the blades. A Harisonic 5 MHz, 0.5 inch diameter, damped PZT

ultrasonic transducer was used to transmit a 5 MHz signal through the blades. The signal

was generated by a system designed for nonlinear acoustics, with a 5 MHz, three-cycle

tone burst, and passed through a 5 MHz low pass filter. The fundamental signal was

detected with a 10 MHz single crystal, non-resonant lithium niobate transducer, passed

though a 20 dB pre-amplifier and the nonlinear acoustics system receiver with 22 dB gain.

The second harmonic signal was detected with the same 10 MHz lithium niobate

transducer, passed through a 9.8 MHz high pass filter, a 40 dB preamplifier and the system

receiver with 22 dB gain. One thousand samples of each of the fundamental and second

harmonic signals were captured and averaged by a digital oscilloscope. The amplitudes were

recorded from the oscilloscope display. The measurements were made at three locations on

each of several turbine blades: near the outer tie wire, on the boss at the inner tie wire, and

midway between the two tie wires. These are the areas of highest stress that we can reach,

and where failures are most likely to occur. The measurement was repeated four or more

times at each location. The blade root is another region of high stress and likely failures, but

it is not accessible for this measurement. Figure 1 is a photograph of the turbine blades,

showing the inner and outer tie wires and the region between them.

The measurement technique was replicated in the laboratory on specimens of

aluminum 2024 and 410Cb stainless steel on which 13had previously been measured. This

allowed the nonlinearity parameter of the turbine blades to be calculated by the

substitutional technique. The 410Cb stainless steel specimen, with 13=7.2, was used as a

reference for subsequent measurements because its structure and acoustic impedance are

similar to the 403 stainless steel used in the turbine blades.

The measured amplitude of the acoustic wave is dependent upon the angle between

the wave and the surface of the transducer, and the surface roughness. Therefore, a series of

specimens with varying angles between the surfaces were fabricated of 410Cb stainless and

finished to a surface roughness of about 63 rms, the roughness of the blades at installation,

in order to study these effects. The acoustic nonlinearity parameter was measured in these

canted specimens and the results are shown in Figure 2. A retired blade from another unit at

the Chesterfield power station was cut at the measurement location and used to measure the

angle between the surfaces at the boss near the tie wire, and at an area comparable to the

midspan region where measurements were taken on the Chesterfield-5 blades. In both cases

the angle between the surfaces was about 12° . The correction factor for this angle and



surfaceroughnesswasdeterminedfrom thedatain figure 1to be201%andwasappliedto
thedata.Themeasurementsfor otheranglesandsurfacefinishesarereportedelsewhere.

Thenonlinearityparameterwasalsomeasuredin ten-yearoldbladesof 17-4Ph
stainlesssteelat theMt. Storm,WestVirginia PowerPlantfor comparisonwith thedata
from theChesterfieldplant.

Figure1. TurbinebladesatChesterfieldplant.Measurementsweretakenneartie wiresand
midwaybetweenthem.Turbinebladesareapproximately85centimeterslong;tie wiresare
about20centimetersapart.
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Figure 2. The effect of surface canting on the nonlinearity parameter of 410Cb stainless

steel at a surface finish ofrms 63.



EXPERIMENTAL RESULTS

Thenonlinearityparameterwasmeasuredfor 14blades.Theresultsareshownin
figures3-4.Figure3 shows13for fourteenblades,correctedfor theanglebetweenthe
transducers.Fiveor moremeasurementsat eachlocationoneachbladeweretaken,andthe
standarddeviationscalculatedwith two exceptions:only onemeasurementwastakenatthe
innertie wire onblade44,andnoneonblade98dueto limitedaccessto themeasurement
location.Thestandarddeviationsareshownby theerrorbars.In mostcases,thestandard
deviationsweresmall,demonstratingthemeasurementis repeatable.Thestandard
deviationsonblades2 and29at theinnertie wire werelargerthanmostof theother
measurements,indicatingmostlikely aninstability in transducermounting.This
measurementwastakenon thebossatthetie wire.Placingthetransducersneartheedgeof
or on theradiusof thebosscausessomeof theuncertaintyin this measurement.A high
standarddeviationwasseenin blade1atthepoint midwaybetweenthetwo tie wires.This
is anareawherethecurvatureof thebladeis greatestandthereis nodistinguishingphysical
characteristicguidingplacementof thetransducers.In this case,themeasurementsmaynot
havebeentakenexactlyatthesamelocationontheblade.

Figure4ashowstheaverageof all measurementsmadeon thefourteenblades,with
errorbarsindicatingonestandarddeviation.Theaverage13neartheoutertie wire is 41.3,an
increaseof 474%over13of thevirgin material.Nearthe innertiewire, 13is 27.3andmidway
betweenthetwo tie wires13is32.2,increasesof 280and347%overtheoriginalvalue.This
indicatesthattheregionaroundtheoutertie wire hasexperiencedmorefatigueinduced
damagethanhavetheothertworegions.Thetiewiresreducetheamountof flexuralbending
in theturbinebladesduringoperation.Theregionaroundtheinnertiewire would
experiencelessbendingdueto constraintsby therestof theblade.In addition,thebossarea
aroundthetie wire is of greaterthickness,increasingtheflexuralstiffnessandfurther
reducingbending.Theareabetweenthetwo tie wiresis slightly lessrestrainedandableto
bendmore,andwould, therefore,seemorefatigueloading. Thestandarddeviationsof these
measurementsindicatethatthevaluesof 13at the innertie wire andthemidspanmaybe
evencloserthanthemeanvaluesindicate.

Themeasurementsfrom bladesatMt. Stormareshownin figure4b.The
nonlinearityparameterin theseten-yearold bladeswasfoundto haveincreasedby about
242%whencomparedto unfatiguedmaterial.
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Figure 3. Beta measured at three locations on each of fourteen blades. Error bars indicate

one standard deviation.
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Figure 4. a. Average beta at three locations in 34-year old Chesterfield blades, b. Beta

measured in 10-year old turbine blades at Mt. Storm Power Plant. Error bars indicate one

standard deviation.

DISCUSSION

Precise placement of the transducers for measurement of [3 was found to be difficult.

The physical space between blades is very small, making it difficult to hold the transducers

in place. The amplitude of the ultrasonic signals will be greatest when the wave has a direct

path from one transducer to the other. The transducers must be positioned on opposite

sides of the blade with centers aligned. Because the blade surfaces are not flat,

compensation must be made for the curvature of the blades. In most cases, several

measurements were made while attempting to hold the transducers in the same locations.

For these measurements, the amplitudes were repeatable. In cases where the transducers

were removed from the blade surfaces and repositioned, the standard deviations are higher,

and the measurements less repeatable. This indicates that the reproducibility in location of

the transducers on the blade surface is the more critical factor, implying that we have a

transducer positioning error or that we have a substantial point-to-point variation in [3.

The data were corrected for the effect of the angle between the surfaces of the

transmitting and receiving transducers. This angle was measured on a retired blade from

another unit at Chesterfield, and was of a different design than those on the Chesterfield-5

unit. In the future, the angle will be measured at the time and location the beta

measurements are made.



CONCLUSIONS

Theacousticnonlinearityparameter13wasmeasuredon fourteenL-0 turbineblades
at theChesterfieldPowerStationUnit 5 andelevenbladesatMt. StormUnit 3.13was
foundto haveincreasedin theChesterfieldturbinebladesfrom thatof thevirgin materialby
asmuchas474%. 13is greatestat outertie wire, lessatinner tie wire.Midway betweentie
wires,13isslightly greaterthanatinner tiewire. Thissuggeststhattheregionof theblade
neartheoutertie wire hasbeensubjectedto higherfatigueloadsandexperiencedmore
fatiguedamagethanhavetheothertworegionswheremeasurementsweretaken.These
valuesmustbecomparedto valuesin failedbladesto determineresiduallife. Theincreasein
13for theMt. Stormbladeswas242%.Thesebladeshavebeenin servicefor only tenyears,
whereastheChesterfieldbladesare34yearsold,andhavebeensubjectedto manymore
fatiguecycles.

Theeffectsof surfaceangleandsurfaceroughnesswereincludedin the
measurements.Thesurfaceanglewasestimatedfrom measurementsonabladeof similar,
thoughnot identical,design.Thethicknessof theblades,correspondingto thedistance
betweenthetransducers,wasmeasuredwith amicrometer.Thismeasurementis not
accuratebecauseof thecurvatureof theblades.A moreprecisemeasureis neededfor
accuratemeasurementof 13.It wasassumedthatthesurfaceroughnessof thebladeshadnot
changedsinceinstallation.Thisneedstobevalidated.Thedifficulty of makingthe
measurementsrepeatablydueto limited accessandmanualplacementof thetransducers
needstobeaddressedby designingandimplementingamechanicaldevicethatwill also
measurethicknessandsurfaceangle.
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